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DISCHARGE CHARACTERISTICS OF
A4 SIWMULATED UNIT INJECTION SYSTEM

Ry Edred T. Marsh -
SUMMARY

Rate-of-discharge curves that show tiie dischargs
characterigtics of an injection system having a very short
fuel passage are presented., The rate of disgcharge closely
follows the rate of displacement of the injection-pump
plunger for open nozzleg in which the maximum calculated
pressures at the orifice do not exceed a certain value,
which is dependent on the partlicular injection pump. With
sall orifices and hign pump speeds, the rate of discharge
does not follow the rate of plunger displacement becauss
the higher discharge pressures result in incrcased lecakage
past thae pump plunger with a corresponding decrease in
discharge rate and in fuel guantity. The rate of dis-
cuarge is not directly related to the rate of plunger dis-
placement with automatic injectlon valves having closed
nozzleg, The types of pump check valve tested did not con-
trol the rate of cut-off or the discharge rate but they
did affect the injection lag., Increass in valve opening
pressure slightly increased the injection lag, Use of the
snort fuel passage eliminated tde formation of secondary
discharges,

INTRODUCTION

In the adaptation of a fusel-injection systea to a
high-gpeed internal-combustion enginse, injection charac-
teristics peculiar to the individual injection system de-
velop. This condition necegsitateg testing the injection
gystem under all operating conditions.

Experiments in this laboratory (roferences 1 to %)
with a cam-operated injection pump have shown that secon-
dary discharges occur above certain pump speeds and that,
for various combinatlons of orifice diameter, injection-
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tube diameter, injection-valve opening pressure, and pump
speed, fluctuating digcharges appear, Thege characteris-
tics are explained by the variation in pressure at the
orifice caused by the pregswure-wave phenomenon existing
in the injection tube during the injection period.

Snortening the injection tube results in a decreaseo
in the time of a pressure-wave cycle arnd & reduction in
the friction loss, the injection lag, and the volume of
01l in the system. BRlimination of the injection tube
should reduce the variation in the build-up of prgssure
at the pump and at the orifice. With the orifice placed
directly at the pump chamber, the presgsure build-up at
the orifice ghould be directly controlled by the cam out-
line., The ideal condition is that the discharge at the
orifice should vary directly with the plunger displace-
went, thus simplifying control of the injection process.

An injection system incorporating the injection valve
and pump plunger with practical elimination of the injec-

tion tube is termed a "unit injector." Rate-of-discharge
tests were made with such an injection system on which the
injection passage was made as short as 3 inches, The in-

Jection characteristi'cs were determined for changes in
pump spesd, orifice diawmster, cam outline, injection-valve
design, and type of pump check valve, :

APPARATUS AND METHODS

The apparatus used was that described in reference 1
with the pump so mounted that the 1nJection tube wag asg
short as practicable.

A single-cylinder Bosch pump having a 10 mm diameter
vlunger wag employed throughout the tests., Three cam out-~
lines were used. The pump characteristics with the thres
ca.is are shown in figure 1. Cam 1 has a high initial ve-
locity at port closing and maintains an increasing veloc-
ity for 159 during the injection period., Cams 2 and 3 are
very slimilar and were constructed with a& slow initial
plunger displacement so that the initial rate would not be

affected by the rate of port closing. Two positionsg of
port closing were used as indicated at a and b on the
plunger-1lift curves, The data shown in figures 3 to 9

were obtalned with port closing at” a and those in figure
10 with port closing at b. The port closing for cam 1 on
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the rate-of-discharge curves is indicated at zero pump de-
grees and the port opening is indicated by the vertical
line close to the cut-off, These positions were obtained
statically, The values under the curves indicate the fuel
quantity (X 10”° pound) discharged per injection.

The two injectlon valves tested (fig. 2) represented
possible types for the construction of a unit injection
system, The simplest type (valve 1) was a ball check in
cowmbination with an open nozzle having orifice diameters
of 0,01¢, 0.020, 0.028, and 0.040 inch, The valve opening
pressure cotld be varied up to 3,300 poundsg per square
inch. Valve 2, a differential-area, lapped-stem injection
valve, was tegsted with orifice diameters of 0.022, C.033,
and 0,040 inch at a valve opening pressure of 3, 500 pounds
per sguare inch, .

The following conditlions were maintained constant un-
less otherwise specified:

Pump gpeed . . . . . . . . . . . . 1,000 r.p.ﬁ.
Valve opening pressurs:

Valve 1 . . v v v v v e 0 400 1b./sq. in.

Valve 2 ., . &« « 4 « « « « « . . B,500 1b./sq. in,
Orifice dlameter:

Valve L . . . . . . . . . . . . 0.028 in,.

Valve 2 . . . v « +« « « . . . . 0,033 in,

Fuel-passage length (plunger to orifice):

Valve 1L . . . . « +« « « « + + . B3=1/4 in,
Valve 2 ... . e e e e e e e . . .8=1/4 in,
Injection-tube inside diameter . . 0.125 in,
Fuel pressure at inlet to pump . .. 50 lb./sé. in.
- Fuel specific gravity. . . . . - 0.85

. Pump. check valve . . . . . . . . . Bosch
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RESULTS AND DISCUSSIONW

The variation in the rate of discharge with cam out-
line for valve 1 (fig. 3) is definite, The rate of dis-
charzge agrees closely with the rate of plunger displace-
ment during tae increasing-velocity portion of the camn,
The rate of discharge, however, does not reach the same
maximum value nor fall so rapidly as the rate of plunger
1isplacement during the decreasing-velocity portion of the
cam, TFor valve 2, variation in cam outline does not change
the rate of discharge during the initial perlod and the
variation during the whole period is not directly related
to the plunger displacsuent, Witn valve 1, control over
tiae injection procesgs 1s evidently exerciged at the pumn
and, With valve 2, the control is fundamentally at the in-
jection valve,

The rate-of-digcharse curves faken at various pump
speeds and with various orifice diameters are shown in fig-
ure 4, Rate curvag could not be obtained for the gmaller
orifices at high pump speeds becaunse of shock loading on
the driving shaft of tne bracket agsembly, Injection be-
gan earlier as the pump spesd was increaged or the orifice
diametcr decreased; 1t also occurred before the static tim-
ing of port closing.

A plot of the pressure calculated from the maximum
rate of discharge (reference 5) indicates the increase in
oressure obtained with increasse in pump speed or decrease
in orifice diameter (fig, 5). To this increase in presgsure
and subsequent increased leakage at the pump plunger isg at-
tributed the failure of the rate of discharge to Tollow the
plunger displacement for all orifice diameters and pump
gpeeds,

Pregsures calculated from tne rate-of-digcharge curve
at a point 8° from cut-off at 1,000 r.p.m, are &,100, 3,000,
and 1,100 pounds per square inch for the 0.020-, 0,028-,
and 0,040-inch orifices, respectively.’

The lapped length of plunger covering the cut-off
ports 1s about 0,080 inch, The clearance of the lap at
this point is high, owing to constant use of the pump over
a period of geveral years. On the assumption that the
mean clearznce is 0,0005 inch, the leakages are 0,0000134,
C.0000048, and 0.0000015 pound per degree (tabls 1), The
suanation of the actual discharge rate with this assumed
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leakage rate is 0,0000302, 0,0CC0=277, and 0,0000287 pound
per degree, indicating a close agreement witlh the actual
rate of fuel displacement. To overcome thig leakage fate
tor to soms extent would regquire an increagsed lengtn of

lap gealing tne ports and a greater sleeve diameter. Thae
increase in mean clearance due to the pressure increase ap-
proaches in valuce the initial mean clearance,

TABLE I

Calculated Lealkage Due to Pressure

Orifice Calculated Increase Calculated Discharge Summation Rate of

diameter  Pressurs in mean  leakage rate of leclmge displace—
clearance and ment
due %o discharge
nressure rate

increase
(in.) (1b./sq.in.) (in.) (1b./dez.) (1b./dzg.) (1b./dez.) (1b./deg.)

0.020 6,100 0.00025 13.4x10 ° 1€,8%10°% 30,2%10°° 22.5x10°°
.028 3,000 .00012 4.8 22.9 27.7 29.5
.040 1,100 .000C5 1.5 27.2 28.7 29.5

The type of pump checik valve tested has little effect
on tire time or rate of cut-off (fig. 6). It does, however,
change the beginning of injection. The start of injection
was later with the lapped shoulder check valve (Bosch check
valve). The opposite effect was obtained with a differen~
tial-arca valve in previous teste in which longer injection
tubes were usedl (referemce 1). The increased lag of the
Boscun check valve ig due to the displacement of the lapped
shoulder,

Volume of lapped displaceansnt = 0.0023 cubic inch.
Lift of plunger = G.0026/0,122 = 0.0210 inch.
The plunger motion indicates that this lift occure in 3
pump degrees, which checks the difference shown i1n figure

5, With the longer injection tubes of the previous tests,
the displaccment of the lapped shoulder was ilnsufficient
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to reduce the pressure in the injection tube to a low '
value so that the injection lag was increased with re-
moval of the check valve.

The results obtained for both the poppet check valve
and no check valve wWere glmilar indicating that the pres-
sures 1n the injection system with the two valve arrange-
mentg were the same. For these conditions, the residual
pressure in the injection tube must be lowered to the
punp inlet pressure.

An increase in the valve opening pressure of valve 1
(fig. 7) slightly increased the injection lag., Thisg ef-
fect is the same as obtained in previous tests with dif-

ferential-area valves., ®hen valve 1 was tested connected
to a high-pregsure hand pump, the fuel flow appeared re-
stricted at the higher valvs opening pressurses. Normally

this type of valve is usged with light spring loading and
an open nozzle, and 1in thegse tests restriction to Tlow did
not occur, '

Tne variation in the injoction rate wita valvesg 1 and
2 is striking, For the same rates of fuel displacement,
as shown in figures 3 and 8, the discharge rates are disg-
tinct and characteristic, For varying pump speed, thers
Is less cnange in the rate with valve 1 than with valve 2,
Valve 2 at 500 r.p.m. shows a two-lobe injection rate ob-
tained under certaln conditions of operation (reference 2).
The two valves are norwmally used with a low valve opening
pressure for valve 1 and a high valve opening pressure for
valve 2, but the general characteristics are unaffected by
tae valve opening pressure. Valve 1 has priusarily a re-
ducing action in taat the pregsure at the orifice must be
less than the pressure at tas entrance to the check valve.
The hydraulic pressure tends to balance witn the ball open
and with the differential pressure action obtained by the
spring load and the flow restriction. Reflection of the
bregsure wave occurs at the ball and seat and at the ori-

fice,

Valve 2, with its differential-area stem, opens quick-
ly when the valve opening pressure is reached and the pres-
sure bulild-up at the orifice is not necessarily restricted.
Reflection of the pressure waves occurs at the stem seat,
which 1s normally close to the orifice. With large ori-
fice diameters, fluctuations in the discharge may occur,
owing to the drop in pressure at the orifice frowm discharge -
and to the sudden increase in presgure due to the arrival
of a pressure wave at the orifice,.
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Figare 9 shows that valve 1 has an increasing initial
rate of discharge, which ig maintained with increase in
fuel quantity. Valve 2 has an increasing initial rate of
digcrarge, twice that of valve 1, and reaches a maxinzum
rate above which it doeg not increasgse wWith increage in fuel
quantity., As a regult, valve 1 hag a peaked rate curve
and valve 2 a flat-top rate curve. The guperior control
of the open nozzle is evident from thess curves. The in-
Jection period and the maximum rate of the two valves are
comparavle at the higher throttle settings. The closed
nozzle has a high rate of discharge at low throttls set-
tings, which results in a shorter injection period than
the open noszzle, '

In order to check the effect of the slow closing of
the ports with cam 3, a U.030-inch gpacer was placed ‘under
the plunger slseve to delay the closing of the ports (fig.
1) until a period of higher plunger velocity, The initial
rate of discharge was increased with valve 1 and .1ittle
affected with valve 2 (fig. 10). In order %o obtain about
the same fuel guantity as in the previous tests, a greater
portion of the decreasing-velocity portion of the cam was
used, The rate of discharge of valve 1 also agreed very
closely with the rate of fuel displacement during this por-
tion of the cam outlinse.

CONCLUSIONS

The following conclusions are based on testsg with a
fuel-injection system using a &-inch fuel passage and an
open nozzle,

1. The rate of discharge can be directly controlled
by the rate of plunger displacsment under operating condi-
tiong in which the calculated fuel pressure at the orifice
do06s not exceed a certaln maximum value, walch for tae
system tegted Wasgs about 3,000 pounds per sguare inch,

2, The rate of discharge is not independent of orifice
diameter and pump speed when high fuel pressures are
reached because of increased fuel leakage at the pump con-
trel ports.

3. Secondary discharges are eliminated as compared
with a system having a long injection tube.
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4. The rate of discharge .is affected by the rate of
of closing of the pump control poris,

Tuo foTlow1nv conc1uSions are bas“d on injection~
valve doe1gn- :

1., With open nozzles or with a ball chock between the
pump plunger and the orifice, the injection rate was con-
trolled at the pump. -

2., Tith closed nozzles having a differential-area
lapped stem, the injection rate was not controlled at the
injection pump. :

3. An increasing initisl rate of discharge is main-
tained with increase. in fuel guantity up to the point of
cut-off for the open nozzle,

4, Tne closed nozzles reacn a maximum rate of dis-
cnarge at low throttle settings; the rate does not increase
with increase in fuel guantity, resulting in a flat-top
rate-of-discharge curve,.

Langley Mémérial Aeronaufical.Labqratory,
¥ational Advisory Committee for aeronautics,
Langley Field, Va., September 13, 1938,
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